Abstract. Myocardial tissue injury caused by ischemia and hypoxia is a major cause of fatal diseases, including coronary atherosclerosis resulting from myocardial infarction and stroke.
Introduction
Tissue injury caused by ischemia or hypoxia is a major cause of fatal diseases, including coronary atherosclerosis caused by myocardial infarction and stroke (1, 2) . The main causes of myocardial ischemia injury include myocardial cell apoptosis, necrosis or temporarily impaired function, which are induced by myocardial hypoxia or/and lack of nutrients (3) . In the treatment of ischemia, however, the restoration of blood supply may damage tissue, which is known as ischemia-reperfusion (I/R) injury.
The characteristics of I/R injury include apoptosis and necrosis of myocardial cells, the dysfunction of mitochondria, increase of lipid peroxides and the generation of free radicals (4, 5) . For instance, free oxygen radicals, generated from the reaction between the oxygen carried by oxyhemoglobin in the blood and substances dissolved by impaired or necrotic myocardial cells caused by I/R, cause myocardial injury (6) . Additionally, I/R injury also results in the inhibition of myocardial function, including the occurrence of malignant arrhythmia, the decrease of the left ventricular contractility and the decline of intraventricular pressure (7) . As a result, developing an effective strategy for preventing and/or treating I/R injury is urgently required. microRNAs (miRNAs) are a group of endogenous, non-coding, single-strand, small RNAs of 22-25 nucleotides, which downregulate the expression of multiple target genes via degradation or translational inhibition of their mRNAs (8) . According to statistics, miRNAs directly regulate >30% of genes, which are associated with almost all major cellular functions, including cell growth, proliferation, differentiation, migration and apoptosis (9) . It has been reported that several miRNAs have a crucial role in the protection against myocardial I/R injury (10) . miR-21 has been found to be consistently upregulated in cardiac hypertrophy and to be relevant in the inhibition of cellular apoptosis (11) . In fact, several targets of miR-21 have been demonstrated to be involved in the regulation of myocardial I/R injury, including phosphatase and tensin homolog (PTEN), programmed cell death 4 (PDCD4) and sprouty 1 and 2 (12) .
PTEN is a negative regulator of Akt, which has a crucial role in cellular survival (13) . B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated X protein (Bax), the representatives of the Bcl-2 family, are considered to be the primary regulators of apoptosis. Caspase-3 is a downstream regulator of the Bcl-2 family and acts as a key effector of cellular apoptosis (14, 15) . However, the anti-apoptotic mechanism of miR-21 in myocardial I/R injury has yet to be fully elucidated.
In the present study, the anti-apoptotic role of miR-21 in a rat model of myocardial I/R injury and in H9C2 cells with injury induced by hypoxia reoxygenation (H/R), was assessed by determining the expression of Bcl-2/Bax, caspase-3, PTEN and p-AKT.
Materials and methods
Reagents and materials. Dulbecco's modified Eagle medium (DMEM) was purchased from Gibco Laboratories (Grand Island, NY, USA). OPTI-minimal essential medium (MEM ® ), fetal bovine serum (FBS), TRIzol, TaqMan quantitative reverse transcription polymerase chain reaction (qRT-PCR) miRNA assay kit, RT-PCR kit, Lipofectamine 2000, miR-21 mimics and miR-21 inhibitor were purchased from Thermo Fisher Scientific (Waltham, MA, USA). SYBR ® Green qRCR mix was purchased from Toyobo Co., Ltd. (Osaka, Japan). All the antibodies were purchased from Abcam (Cambridge, UK).
Rat model of I/R injury. All the protocols in the present study's experiment were approved by the Animal Ethics Committee of Central South University (Changsha, China). All Sprague-Dawley female rats (age, 10 weeks; weight, 250-300 g) were purchased from the Animal Center of Central South University. These rats were divided into four groups, including sham (served as controls), I/R 2, 4 and 6 h. Under sterile conditions, intraperitoneal injection of 10% chloral hydrate (350 mg/kg) was performed. Following endotracheal intubation, a ventilator was used to support their lives. The heart was then exposed and the aorta was clamped with a non-invasive vascular clamp for 10 sec. Subsequent to that, the aorta was reperfused for 2, 4 and 6 h, respectively. In the sham group, the heart was exposed without clamping the aorta.
Adenovirus-mediated miR-21 gene transfer in vivo.
To further investigate the role of miR-21 in myocardial I/R injury, the rAAV9-ZsGreen-pre-miR-21 adenovirus was constructed using the rAAV9-ZsGreen expression system (Clontech Laboratories, Mountain View, CA, USA) according to the manufacturer's instructions. The rAAV9-ZsGreen adenovirus was used as a negative control. The titer was 5.0x10 12 vg/ml. In total, 30 rats were divided into five groups. In the control group, rats were injected with rAAV9-ZsGreen adenovirus through the coronary artery. In the miR-21 group, rats were injected with rAAV9-ZsGreen-pre-miR-21 adenovirus through coronary artery. In the sham group, rats were injected with rAAV9-ZsGreen adenovirus through the coronary artery, and 14 days following that, the sham-surgery was performed as described above. In the I/R group, rats were injected with rAAV9-ZsGreen adenovirus through the coronary artery, and 14 days after that, the I/R was performed as described above. In the I/R+miR-21 group, rats were injected with rAAV9-ZsGreen-pre-miR-21 adenovirus through the coronary artery, and 14 days after that, I/R was performed. At 2 h after I/R, the animals were sacrificed.
Cell culture. The human H9C2 cell line was purchased from The Institute of Cell Biology at the Chinese Academy of Sciences (Shanghai, China). H9C2 cells were cultured in DMEM containing 10% FBS and incubated at 37˚C in a humidified incubator with 5% CO 2 .
Apoptosis analysis. Flow cytometry was used to determine the cell apoptosis with the Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (Abcam). At 24 h post-transfection, the cells were harvested and washed with cold phosphate-buffered saline (PBS) twice. Following that, 10 6 cells were resuspended in 200 µl binding buffer, 10 µl Annexin V-FITC and 5 µl propidium iodide phycoerythrin were added, and cells were incubated in the dark for 30 min. Next, 300 µl binding buffer was added followed by flow cytometric analysis.
H/R treatment of H9C2 cells. H9C2 cells were cultured in DMEM with neither serum nor antibiotics at 37˚C with 5% CO 2 for 12 h, which were then cultured at 37˚C with 1% O 2 -94% N 2 -5% CO 2 for 4 h. Subsequent to that, the cells were cultured in DMEM containing 10% FBS, incubated at 37˚C with 5% CO 2 for 3 h and used in the following experiments.
In the in vitro experiment, H9C2 cells were divided into the following groups: In the vehicle control (VC) group, the H9C2 cells were without any treatment. In the inhibitor negative control (INC) group, the cells were transfected with 50 nM miR-21 inhibitor. In the mimics NC (MNC) group, the cells were transfected with 50 nM NC mimics. In the VC+H/R group, the cells were treated with H/R. In the INC+H/R group, the cells transfected with 50 nM NC inhibitor were then treated with H/R. In the MNC+H/R group, the cells transfected with 50 nM NC mimics were then treated with H/R. In the miR-21 inhibitors+H/R group, the cells transfected with 50 nM miR-21 inhibitor were then treated with H/R. In the miR-21 mimics+H/R group, cells transfected with 50 nM miR-21 mimics were then treated with H/R. qPCR analysis. Total RNA was extracted with TRIzol according to the manufacturer's instr uctions. For miR-21 expression analysis, 2 µg RNA was transcribed to cDNA using a stem-loop RT primer (Invitrogen Life Technologies, Carlsbad, CA, USA) and a miRNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA) was used. The U6 gene was used as a normalization control. The amount of miR-21 to U6 was calculated using the equation 2 -ΔCT , with ΔC T = C T, miR-21 -C T, U6 . For the detection of PTEN mRNA expression, qPCR analysis was performed using SYBR Green qPCR Mix and specific primers synthesized from Sangon Company (Shanghai, China). The following primers were used for amplification of PTEN: sense, 5'-GACGACAATCATGTTGCAGCA-3' and antisense, 5'-GCCTTTAAAAACTTGCCCCG-3'. GAPDH was used as an internal control with sense, 5'-ACAACTTTGGTATCGTGGAAGG-3' and antisense, 5'-GCCATCACGCCACAGTTTC-3'. The relative expression levels of genes were analyzed by the 2 -ΔΔCT method.
Western blot analysis. Tissue samples were snap-frozen using liquid nitrogen in a mortar and vigorously ground. Cell samples were rinsed twice with cold PBS. Next, cold radioimmunoprecipitation assay buffer was used to lyse the protein from the tissue or cell samples. The concentration of protein was determined using a bicinchoninic acid assay kit. Following that, proteins of 20 µg/lane were loaded on a 10% SDS-PAGE to be separated, and then electrophoretically transferred to polyvinylidene fluoride membranes. Proteins on the membranes were then probed using primary antibodies, including mouse anti-Bcl-2, Bax, caspase-3, PTEN, p-Akt and β-actin, according to the manufacturer's instructions. Following incubation with secondary antibodies, including rabbit anti-mouse secondary antibody, the results were visualized with horseradish peroxidase and an enhanced chemiluminescence system, and quantified by the Quantity One software (Bio-Rad, Hercules, CA, USA). Fig. 1A , the myocardial tissue in the sham group demonstrated normal morphology, and its structure was clear without any edema or inflammatory cell infiltration. However, in the I/R 2 h group, the myocardial tissue exhibited structural disorder, irregular nuclei and edema. This result indicates that the rat model of I/R injury was successfully established. miR-21 has been implicated to be involved in the myocardial I/R injury. Thus, qPCR was further applied in order to determine the expression levels of miR-21 in the ischemic and non-ischemic area of the myocardial tissue in each group. As demonstrated in Fig. 1B , in the ischemic area of the myocardial tissue, the expression levels of miR-21 exhibited a decreasing tendency with the extension of I/R time. However, in the non-ischemic area of the myocardial tissue, the miR-21 expression was gradually upregulated with the extension of I/R time. These data indicate that miR-21 may have an inhibitory role in the myocardial tissue injured by I/R.
Results

Expression of miR-21 in the myocardial tissue of the rat model of I/R injury. As shown in
Apoptotic pathways in response to I/R injury. In order to gain a better understanding of the molecular mechanism underlying myocardial I/R injury, the present study focused on cellular apoptosis. The Bcl-2 family has a crucial role in the regulation of apoptosis. Thus, western blot analysis was applied to examine the protein expression levels of Bcl-2 and Bax, two key members in the Bcl-2 family. As shown in Fig. 1C , I/R injury increased the Bcl-2 and Bax protein expression levels in a time-dependent manner. However, the relative ratio of Bcl-2 to Bax was gradually decreased, indicating that apoptotic signaling was activated. Additionally, the expression levels of caspase-3, a downstream effector 
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of Bcl-2, were further determined in each group. As shown in Fig. 1D , I/R increased the expression levels of caspase-3 in a time-dependent manner, further indicating that, with increasing I/R time, apoptosis was gradually upregulated.
The role of miR-21 in the early phase of myocardial I/R injury in rats.
To further investigate the role of miR-21 in myocardial I/R injury, the rAAV9-ZsGreen-pre-miR-21 or rAAV9-ZsGreen adenovirus was injected into the coronary artery of the rats in each group, respectively. The expression levels of miR-21 were initially determined, and it was found that in the miR-21 group, the expression of miR-21 in the myocardial region was significantly upregulated as compared with that in the control group ( Fig. 2A) , indicating that the rAAV9-ZsGreen-pre-miR-21 adenovirus was able to effectively express pre-miR-21 in vivo. Since PTEN has been demonstrated to be a target of miR-21 and to have a crucial role in the regulation of cellular biological processes, the mRNA and protein expression levels of PTEN were determined next. As shown in Fig. 2B , the mRNA expression of PTEN demonstrated no difference between the control group and miR-21 group; however, the protein expression levels in the miR-21 group were significantly downregulated as compared with those in the control group, indicating that miR-21 has a post-transcriptional inhibitory effect on PTEN expression. Additionally, in the I/R group, the expression of miR-21 was notably decreased as compared with that in the sham group, while following injection with rAAV9-ZsGreen-pre-miR-21 adenovirus, the expression of miR-21 was restored (Fig. 2C) .
Based on these data, expression levels of certain significant factors associated with apoptosis, including Bcl-2, Bax and caspase-3, were determined further. As shown in Fig. 2D , the protein expression levels of Bcl-2 and Bax were increased in the I/R group compared with the sham group; however, the Bcl-2/Bax ratio was decreased, which were reverted in the I/R+miR-21 group. Additionally, the protein levels of caspase-3 were also upregulated in the I/R group as The expression of miR-21 was determined in each group. In the sham group, rats were injected with rAAV9-ZsGreen adenovirus through the coronary artery, and 14 days after that, the sham-operation was performed as described above. In the I/R group, rats were injected with rAAV9-ZsGreen adenovirus through the coronary artery, and 14 days after that, the I/R was performed as described above. In the I/R+miR-21 group, rats were injected with rAAV9-ZsGreen-pre-miR-21 adenovirus through the coronary artery, and 14 days after that, I/R was performed. 
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compared with those in the sham group, which were reverted in the I/R+miR-21 group. These results indicate that miR-21 has an anti-apoptotic role in I/R-induced myocardial injury. PTEN has an inhibitory role in the regulation of the Akt signaling pathway, which acts as a key regulator in cellular survival. Thus, to further investigate the involved regulatory mechanism, the expression of PTEN and the phosphorylation levels of Akt were determined, which directly reflect the activity of the Akt signaling pathway. As demonstrated in Fig. 2E , the expression of PTEN was significantly increased Figure 3 . Role of miR-21 in H/R-induced apoptosis of H9C2 cells. In the VC group, H9C2 cells were without any treatment. In the INC group, cells were transfected with 50 nM miR-21 inhibitor. In the MNC group, cells were transfected with 50 nM NC mimics. In the VC + H/R group, cells were treated with H/R. In the INC+H/R group, cells transfected with 50 nM NC inhibitor were then treated with H/R. In the MNC+H/R group, cells transfected with 50 nM NC mimics were then treated with H/R. In the inhibitors+H/R group, cells transfected with 50 nM miR-21 inhibitor were then treated with H/R. In the mimics+H/R group, cells transfected with 50 nM miR-21 mimics were then treated with H/R. (A) Quantitative polymerase chain reaction was performed to determine the expression of miR-21 in each group. (B) A cell apoptosis assay was performed in each group. (C) Western blot analysis was then performed to determine the protein expression of Bcl-2, Bax and caspase-3 in each group. β-actin was used as an internal reference. The relative expression of Bcl2/Bax was calculated. H/R, hypoxia-reperfusion; miR, microRNA; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; NC, negative control; VC, vehicle control; INC, inhibitor negative control; MNC, minics NC; PTEN, phosphatase and tensin homolog.
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in the I/R group compared with the control group, which was, to a certain degree, reverted in the I/R+miR-21 group. Furthermore, as expected, the phosphorylation levels of Akt were evidently decreased in the I/R group compared with the control group, which could be restored in the I/R+miR-21 group. These findings indicate that miR-21 protects against I/R-induced myocardial cell apoptosis, most likely by inhibiting PTEN and therefore upregulating the activity of the Akt signaling pathway, which further suppresses pro-apoptotic factors such as caspase-3, while increasing anti-apoptotic factors, including Bcl-2/Bax.
The role of miR-21 in H/R-induced apoptosis of H9C2 cells.
The cardiac myoblast cell line H9C2 was used to investigate the role of miR-21 in H/R-induced cellular apoptosis. The expression of miR-21 in each group was initially determined, and H/R treatment and an miR-21 inhibitor were found to be capable of significantly downregulating the expression of miR-21, which was restored by miR-21 mimics, as expected (Fig. 3A) . Subsequent to that, the apoptotic levels in each group were examined. As shown in Fig. 3B , induction of H/R and presence of the miR-21 inhibitor significantly enhanced cellular apoptosis, which was restored by miR-21 mimics.
To further investigate the molecular mechanisms involved, the protein levels of Bcl-2, Bax and caspase-3 were examined in each group. As shown in Fig. 3C , H/R treatment and presence of the miR-21 inhibitor significantly downregulated the ratio of Bcl-2/Bax while increasing the expression of caspase-3, which was also reverted by the miR-21 mimics.
The role of miR-21 in H/R-induced activation of PTEN/Akt signaling.
Consistent with the aforementioned results in I/R-induced myocardial injury experiments, it was also identified that H/R treatment and miR-21 inhibitor evidently upregulated the PTEN expression while reducing the phosphorylation levels of Akt, which was also reverted by miR-21 mimics (Fig. 3D) .
In summary, the results indicate that miR-21 has an inhibitory role in H/R-induced cellular apoptosis, partially by inhibiting PTEN expression and thus promoting the activity of the Akt signaling pathway, which further suppresses the expression levels of caspase-3 while increasing the protein ratio of Bcl-2/Bax.
Discussion
The present study found that miR-21 had an anti-apoptotic role in I/R-induced myocardial damage in vivo, and in H/R-induced H9C2 cell death in vitro. Of note, the present study indicated that a common molecular mechanism is likely to exist in I/Rand H/R-induced cardiocyte apoptosis, and that during I/R and H/R, miR-21 can upregulate the Akt signaling activity via suppressing the expression of PTEN. This increased activity of Akt signaling further inhibits cell apoptosis, partially by upregulating the ratio of Bcl-2/Bax, which can reduce the expression of caspase-3.
Thus far, the biological role of miR-21 in cardiocytes has not been fully elucidated. Cheng et al (16) have reported that miR-21 is highly expressed in the adult heart, indicating that it For Fig. 3 (17) revealed that miR-21 inhibited left ventricular remodeling in the early phase of I/R injury by suppressing cell apoptosis in rats. Sayed et al (18) reported that Akt mediated the anti-apoptotic effects of miR-21 via suppression of the Fas ligand. Besides, miR-21 has been found to protect against the H 2 O 2 -induced myocardial cell injury via targeting PDCD4 (19) . In the present study, it was revealed that the PTEN/Akt dependent mechanism involved in I/R-and H/R-induced cardiocyte apoptosis in vivo or in vitro, respectively. In fact, PTEN has previously been shown to be a direct target of miR-21 (20, 21) , and downregulate the regulation of Akt signaling, which has a crucial effect on the cell survival rate (22) . Recently, it has also been reported that miR-21 protects cardiomyocytes from tumor necrosis factor-α-induced apoptosis in vitro via modulating the PTEN/Akt/forkhead box O3A pathway (23) .
It was further revealed that the protein expression levels of several key apoptotic effectors, including Bcl-2, Bax and caspase-3, were mediated by miR-21 in rat and cell models of I/R or H/R injury, respectively. Bcl-2 is a highly conserved anti-apoptotic protein in the Bcl-2 family and has a low expression or no expression in apoptotic cells. A number of studies have indicated that Bcl-2, together with several mitochondrial membrane-associated proteins, can suppress the production of free radicals and thus inhibit apoptosis via downregulating cell endoplasmic reticulum Ca 2+ release or the formation of lipid peroxides. Of note, Bcl-2 has been suggested to have a central role in the promotion of cardiomyocyte survival by suppressing apoptosis (24) . It has been well established that Bax, generally expressed in the majority of tissues and organs, has a pro-apoptotic role in the mitochondrial-dependent apoptotic pathway (25) . In fact, Bax exerts its pro-apoptotic role by inhibiting the function of Bcl-2 through a related protein homologue to Bcl-2. Thus, Bax is a major endogenous antagonist of Bcl-2. On the contrary, however, Bcl-2 and B-cell lymphoma-extra large can form a heterodimer and cause Bax to lose its pro-apoptotic effect (26, 27) . Thus, under physiological conditions, the expression of Bcl-2 and Bax are maintained on a balanced level, which, once broken, may induce cellular apoptosis.
Caspases are a significant cysteine-aspartate-specific protease family, ubiquitously expressed in various mammalian cells. It has been demonstrated that the activation of the caspase family acts as a key effector as well as the ultimate enforcer of cell apoptosis (28) . Caspase-3 is a significant member of this protease family and its activation has been found in multiple types of cells undergoing apoptosis (29) . Of note, Bcl-2 and caspase-3 have an interaction mechanism. Bcl-2 was previously found to be upstream of caspase-3, and to have an inhibitory role in the regulation of caspase-3 expression. Bcl-2 was then found to be a direct substrate of caspase-3, and thus, to be inversely regulated by caspase-3. Once hydrolyzed by caspase-3, the fragment of Bcl-2 is not likely to have any more anti-apoptotic function, but it was demonstrated to have pro-apoptotic activity (15, 30, 31) . As a result, there also exists a balance between Bcl-2 and caspase-3.
In conclusion, to the best of our knowledge, the present study was the first to reveal that miR-21 had a protective role in I/R-and H/R-induced cardiocyte apoptosis, most likely depending on a common mechanism, which is involved in the PTEN/Akt signaling activity, Bcl-2 protein family and caspase-3. As a result, it is speculated that miR-21 may be a promising agent for the treatment of I/R-and H/R-induced myocardial injury.
